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OBJECTIVES This study evaluated the role of metabolic (cardiopulmonary gas exchange) exercise testing in
differentiating physiologic LVH in athletes from HCM.
BACKGROUND Regular intensive training may cause mild increases in left ventricular wall thickness
(LVWT). Although the degree of left ventricular hypertrophy (LVH) is typically less than
that seen in hypertrophic cardiomyopathy (HCM), genetic studies have shown that a
substantial minority of patients with HCM have an LVWT in the same range. The
differentiation of physiologic and pathologic LVH in this “gray zone” can be problematic
using echocardiography and electrocardiography alone.
METHODS Eight athletic men with genetically proven HCM and mild LVH (13.9 6 1.1 mm) and eight
elite male athletes matched for age, size and LVWT (13.4 6 0.9 mm) underwent symptom
limited metabolic exercise stress testing. Peak oxygen consumption (pVO2), anaerobic
threshold, oxygen pulse and respiratory exchange ratios were measured in both groups and
compared with those observed in 12 elite and 12 recreational age- and size-matched athletes
without LVH.
RESULTS Elite athletes with LVH had significantly greater pVO2 (66.2 6 4.1 ml/kg/min vs. 34.3 6
4.1 ml/kg/min; p , 0.0001), anaerobic threshold (61.6 6 1.8% of the predicted maximum
VO2 vs. 41.4 6 4.9% of the predicted maximum VO2; p , 0.001) and oxygen pulse (27.1 6
3.2 ml/beat vs. 14.3 6 1.8 ml/beat; p , 0.0001) than individuals with HCM. A pVO2
.50 ml/kg/min or .20% above the predicted maximum VO2 differentiated athlete’s heart
from HCM.
CONCLUSIONS Metabolic exercise testing facilitates the differentiation between physiologic LVH and HCM
in individuals in the “gray zone.” (J Am Coll Cardiol 2000;36:864–70) © 2000 by the
American College of Cardiology
Hypertrophic cardiomyopathy (HCM) is the most common
cause of exercise related sudden cardiac death in athletes
(1–5). The identification of HCM in athletes can be
problematic because some athletes develop substantial phys-
iologic left ventricular hypertrophy (LVH) (13 mm to
16 mm) during intense physical training (6–10). Although
the degree of LVH in athletes is typically less than that
observed in HCM (11), genetic studies have revealed that a
substantial minority of patients with HCM have a wall
thickness in the same range as athletic competitors. Such
individuals are often asymptomatic and participate in com-
petitive sports but remain at risk for sudden death (12–14).
At present, routine genetic testing is not a practical
method for differentiating physiologic from pathologic
LVH. Several echocardiographic and electrocardiographic
features can help to distinguish between HCM and physi-
ologic LVH in athletes, but, inevitably, a small number of
individuals fall into a “gray zone” (15) where differentiation
between the two entities using echocardiography and elec-
trocardiogram (ECG) alone may be problematic. Recent
studies have shown that the majority of individuals with
HCM have abnormal cardiopulmonary indexes during
symptom limited metabolic exercise testing (16). The aim of
this study was to determine whether metabolic exercise
testing assists in the differentiation of HCM with mild
hypertrophy and physiologic hypertrophy in individuals
participating in regular sports.
METHODS
Subjects. ACTIVE HCM PATIENTS WITH MILD HYPERTRO-
PHY. Between 1995 and 1999, ongoing research in the
molecular genetics of HCM at St. George’s Hospital
Medical School, U.K., led to the identification of 26 young
adults with mild LVH (,16 mm) secondary to a sarcomeric
protein gene mutation. Of these, eight individuals had
sufficient characteristics to simulate the “gray zone,” (i.e.,
male gender, complete absence of cardiovascular symptoms,
athletic by nature [arbitrarily defined as participating in
organized physical activity for at least 5 h per week]), a
LVWT of 13 mm to 16 mm, absence of resting left
ventricular (LV) outflow obstruction or systolic anterior
motion of the mitral valve, normal LV cavity size and
normal resting Doppler indexes of diastolic function (E
value of 71 6 14 cm/s, a value of 38 6 6 cm/s and E/A of
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2.1 6 0.6) (17). Six individuals had mutations in the
troponin gene, and two had mutations in the beta myosin
heavy chain gene. Five played competitive sport at regional
level (soccer n 5 3, badminton n 5 1, handball n 5 1); two
were army cadets who had trained intensely for over two
years, and one cycled over 10 miles daily and played several
recreational sports (Table 1). All selected individuals were
exercised for risk stratification purposes and were not in a
medically enforced detrained state at the time of the study.
None of the individuals with HCM was on any form of
regular medication.
HIGHLY TRAINED ATHLETES WITH LVH. Eight hundred
highly trained male Caucasian athletes underwent 12-lead
ECG and two-dimensional echocardiography during peak
competitive seasons between 1996 and 1999 as part of an
ongoing cardiovascular evaluation program. Athletes were
recruited from the British premier soccer and rugby leagues,
British Lawn Tennis Association, national swimming, row-
ing, cycling and triathlete squads and the 1996 world
championships in squash. Eight of 800 athletes (1%) had a
left ventricular wall thickness (LVWT) .12 mm and
participated in predominantly endurance sports at the na-
tional level (Table 2). None had a family history of HCM or
premature sudden cardiac death. The parents and at least
one sibling of each elite athlete with LVH underwent
clinical evaluation with a 12-lead ECG and two-
dimensional echocardiography using methods described
elsewhere (11,18,19). All relatives had a normal ECG and
two-dimensional echocardiogram.
Controls. ELITE ATHLETES WITHOUT LVH. Twelve elite
age- and size-matched athletes without LVH (LVWT
,12 mm) were selected from the ongoing screening pro-
gram as described above. The athletes were selected from
the same sporting disciplines as those of athletes with LVH.
All athletes were asymptomatic and had participated at
national levels within six months before the evaluation.
RECREATIONAL ATHLETES. The recreational athlete group
comprised 12 age- and size-matched healthy male volun-
teers with a normal 12-lead ECG and two-dimensional
echocardiogram who participated in organized physical
activity for at least 5 h per week. Five played soccer, two
rugby, three squash, and two cycled daily. All were asymp-
tomatic; none was on any form of medication, and none had
a family history of cardiovascular disease or premature
sudden cardiac death.
Metabolic (cardiopulmonary) exercise. All subjects and
controls fasted for at least 4 h before the exercise test.
Exercise was performed in an upright position with a
Sensormedics ergometrics 800 S cycle ergometer
(Bilthoven, the Netherlands) using a ramp protocol (20) of
25 W/min in recreational athletes and individuals with
HCM and 30 W/min in elite athletes in a quiet air-
conditioned room with an average temperature of 21° C and
full resuscitation facilities. Before the test, the exercise
procedure was explained, and all subjects underwent a 3 min
familiarization test at zero work load. All patients had a
respiratory exchange ratio (RER) ,0.85 before commenc-
ing the test. Patients were instructed to pedal at a speed of
between 60 and 70 revolutions per min. Pedal speed was
displayed so that the subjects could clearly observe their
cadence rates and make adjustments accordingly? Subjects
were encouraged to exercise to the point of exhaustion.
Breath-by-breath gas exchange analysis was performed us-
ing a dedicated Sensormedics metabolic cart (V Max 29
Console, Sensormedics,). Respiratory gas was sampled con-
tinuously from a mouthpiece and analyzed using a 1111D/
000 paramagnetic transducer for oxygen and a 2900 MMC
Table 1. Echocardiographic and Cardiopulmonary Gas Exchange Characteristics in Athletic Individuals With HCM
Patient
(n)
Age
(years) Gene Sport
LVWT
(mm)
LVEDD
(mm)
pVO2
(ml/kg)
pVO2 (%
predicted max)
AT (% VO2
max)
O2 P
(ml/bt)
O2 P (%
predicted)
HR max
(beats/min)
1 25 Troponin T Badminton 14 49 29 73 34 14.6 74 193
2 27 Troponin T Soccer 13 49 32 78 50 15 81 185
3 25 Troponin T Soccer 15 50 34 83 40 14.2 84 186
4 24 Troponin T Soccer 14 52 33 83 39 13 83 189
5 25 Troponin T Rugby 13 52 34 85 38 11.1 83 189
6 18 Troponin T Cycling 13 51 35 83 42 13.4 87 179
7 30 beta MHC Circuit 16 48 44 111 45 17.3 105 188
8 26 beta MHC Circuit 13 49 34 83 44 15.5 82 190
AT 5 anaerobic threshold; HCM 5 hypertrophic cardiomyopathy; HR 5 heart rate; LVEDD 5 left ventricular end-diastolic dimension; LVWT 5 left ventricular wall
thickness; O2 P 5 oxygen pulse; pVO2 5 peak oxygen consumption; VO2 max 5 maximal oxygen consumption.
Abbreviations and Acronyms
AT 5 anaerobic threshold
A-V 5 systemic arteriovenous oxygen difference
BP 5 blood pressure
ECG 5 electrocardiogram
HCM 5 hypertrophic cardiomyopathy
HR 5 heart rate
LV 5 left ventricular
LVH 5 left ventricular hypertrophy
LVWT 5 left ventricular wall thickness
O2P 5 oxygen pulse
pVO2 5 peak oxygen consumption
RER 5 respiratory exchange ratio
SV 5 stroke volume
VCO2 5 carbon dioxide production
VO2 5 oxygen consumption
VO2 max 5 maximal oxygen consumption
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nondispersive infrared sensor for carbon dioxide. The sig-
nals underwent analogue to digital conversion for the
calculation of oxygen consumption (VO2) and carbon diox-
ide output (VCO2) by an established technique (21,22). A
printout of VO2 (l/min), VCO2 (l/min), heart rate (HR)
(beats per min), work rate (W) and RER was obtained and
averaged at 10 s intervals to obtain smooth graphical
representation. Graphs of VCO2 versus VO2 were used to
estimate anaerobic threshold (AT). Signals from a 12-lead
ECG were displayed continuously and recorded at 2 min
intervals using a Marquette Max 1 electrocardiographic
recorder (Marquette Electronics Inc., Milwaukee, Wiscon-
sin). Blood pressure (BP) was measured by auscultation at
the brachial artery at 1 min intervals during exercise and at
30 s intervals for the first 5 min after cessation of exercise
using a mercury sphygmomanometer. An abnormal BP
response was defined either as an increase in exercise systolic
BP throughout the exercise test of ,20 mm Hg, compared
with resting values, or an initial increase in systolic BP
.20 mm Hg with a subsequent fall by peak exercise of
.20 mm Hg, compared with the peak value, or a contin-
uous decrease in systolic BP throughout the test of
.20 mm Hg, compared with the baseline BP (23). Tests
were supervised by an experienced cardiologist, senior nurse
and senior technician.
The following calculations were made:
1. Peak oxygen consumption (pVO2) was defined as the
highest oxygen consumption achieved during exercise.
This was the highest measured VO2 value over the last
10 s of exercise. Data were presented as absolute values
(l/min) and normalized for body weight (ml/kg/min).
The predicted maximal oxygen consumption (VO2 max)
was calculated using established equations based on age
and gender (24,25). The normalized value was then
expressed as a percentage of the predicted maximum
value. Values ,83% were considered abnormal because
they fell below previously established 95% confidence
limits (26).
2. Anaerobic threshold is the VO2 above which aerobic
energy production is supplemented by anaerobic mech-
anisms and is reflected by an increase in lactate and
lactate/pyruvate ratio in the muscle and arterial blood
(26). This was estimated noninvasively by plotting
VCO2 versus VO2 (“V slope method”) (27). The AT was
expressed as a percentage of the predicted VO2 max.
Values ,42% were considered abnormal (28).
3. Oxygen pulse (O2P) is the quotient of the VO2 to heart
rate (HR) (equation 1). It is the product of stroke volume
(SV) and the systemic arteriovenous oxygen difference
(A-V) O2 (equation 2).
O2P 5 VO2/HR [1]
VO2 max 5 Cardiac output 3 ~A-V! O2
Cardiac output 5 SV 3 HR
[O2P 5 SV 3 (A-V) O2. [2]
Values were expressed as a percentage of the maximum
predicted O2P calculated from equation 1 using established
formulae for predicted VO2 max (24,25) and predicted
maximum heart rate (28,29). Values .83% were regarded as
normal if the individual had achieved a maximal heart rate
of at least 80% to exclude chronotropic incompetence,
because this is associated with falsely high readings.
Statistical analysis. All values are expressed as the mean 6
1 standard deviation. Comparisons between groups were
performed using a univariate analysis of variance test with
post hoc (Bonferroni) analyses to identify intergroup differ-
ences. A p value ,0.05 was considered significant.
RESULTS
Subject and control demographics. The demographics of
athletes and individuals with HCM are shown in Table 3.
Metabolic exercise. All individuals in the study exercised
to exhaustion and stopped due to fatigue. All individuals
achieved an HR within two standard deviations of the
predicted maximum HR and an RER .1.1, indicating
sufficient metabolic stress. There was no significant differ-
ence in the maximal HR or peak RER between any of the
groups in the study (Table 3). No individual experienced
cardiovascular symptoms during exercise. No individual had
cardiac arrhythmia. One athlete with HCM (Patient 6;
Table 1) had planar ST segment depression $2 mm from
the resting ECG. The BP responses to exercise (i.e., the
difference between resting and peak systolic BPs) were
Table 2. Echocardiographic and Cardiopulmonary Gas Exchange Characteristic in Elite Athletes With Left Ventricular Hypertrophy
Athlete
(n)
Age
(yrs) Sport
LVWT
(mm)
LVEDD
(mm)
pVO2
(ml/kg/min)
pVO2 (%
predicted)
AT
(% VO2 max)
O2P
(ml/bt)
O2P (%
predicted)
HR max
(beats/min)
1 18 Tennis 13 55 66 148 65 26 150 190
2 26 Soccer 13 54 67 158 61 29 161 189
3 24 Squash 15 55 64 159 63 27 160 183
4 21 Rowing 14 60 64 160 61 28 165 187
5 23 Rowing 13 62 68 168 60 27 165 199
6 24 Soccer 13 54 59 146 61 21 143 181
7 27 Cycling 13 62 72 160 60 32 176 179
8 31 Cycling 13 56 71 169 60 31 172 183
AT 5 anaerobic threshold; HR max 5 maximal heart rate; LVEDD 5 left ventricular end-diastolic dimension; LVWT 5 left ventricular wall thickness; O2P 5 oxygen pulse;
pVO2 5 peak oxygen consumption; VO2 max 5 maximal oxygen consumption.
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normal in all individuals in the study and did not differ
significantly between different groups (Table 3).
Metabolic parameters in elite athletes, recreational ath-
letes and individuals with HCM. There were no signifi-
cant differences in cardiopulmonary parameters between
elite athletes with and without LVH. Elite athletes with and
without LVH had a greater pVO2, AT and O2P than
recreational athletes and individuals with HCM (p ,
0.0001) (Table 3). Recreational athletes had a greater pVO2
than individuals with HCM. There was no overlap in the
distribution of any cardiopulmonary parameter when com-
paring elite athletes with recreational athletes or individuals
with HCM (Fig. 1). All athletes with LVH had a pVO2
.58 ml/kg/min or .46% above the predicted maximum
VO2, AT $60% of the predicted VO2 max and O2P
.20 ml/beat. A pVO2 .50 ml/kg/min or .20% of the
predicted maximum value, AT .55 ml/kg and an O2P .20
ml/beat clearly distinguished athletes with LVH from
individuals with HCM (Tables 1 and 2).
Left ventricular end diastolic diameter and LV inflow
velocities in elite athletes, recreational athletes and in-
dividuals with HCM. There was no significant difference
in LV cavity size between elite athletes with and without
LVH (56 6 3 mm and 56 6 2 mm, respectively) or between
individuals with HCM and recreational athletes (50 6
1.5 mm and 51 6 1 mm, respectively). Elite athletes with
LVH had a significantly greater LV cavity size than indi-
viduals with HCM (p , 0.001). After individual correction
of LV cavity size for age and body surface area using Henry’s
regression equations (30), the LV cavity size exceeded the
predicted upper range in six of eight elite athletes with LVH
but was within normal limits in all individuals with HCM.
There was no significant difference in resting LV inflow
velocities (E wave, A wave and E/A ratio) between elite
athletes with and without LVH, recreational athletes or
individuals with HCM (Table 4).
DISCUSSION
This study takes advantage of highly selected and well
characterized subjects to examine exercise responses in the
elite athlete and morphologically mild HCM. The study
demonstrates that metabolic exercise testing can be used to
differentiate physiologic hypertrophy in elite athletes from
HCM with mild hypertrophy. Conventional measurements
during exercise tests that do not utilize gas exchange
measurements (HR and BP responses) would not have
helped distinguish between the two entities, and ST seg-
ment analysis would have assisted in the diagnosis of
pathologic LVH in only one case.
The “gray zone.” Between 1% and 2% of elite athletes have
an LVWT of 13 to 16 mm (10). Although the presence of
a wall thickness outside these ranges suggests the diagnosis
of HCM, some patients with the disease have mild hyper-
Table 3. Demographics, LVWT, Diastolic Indexes and Cardiopulmonary Exercise Parameters in
Athletes and HCM
Parameter
HCM
(n 5 8)
Elite Athletes
With LVH
(n 5 8)
Elite Athletes
Without LVH
(n 5 12)
Recreational
Athletes
(n 5 12)
p
(ANOVA)
Age (yrs) 25.2 6 3.2 24.2 6 3.7 25.7 6 3.1 25.6 6 3.0 NS
(18–30) (18–31) (18 6 30) (18–29)
BSA (m2) 1.90 6 0.13 1.95 6 0.1 1.90 6 0.17 1.90 6 0.16 NS
(1.68–2.15) (1.8–2.2) (1.7–2.2) (1.75–2.1)
LVWT (mm) 13.8 6 1.1* 13.4 6 0.9* 10.7 6 0.6 10.0 6 0.9 , 0.0001
(13–16) (13–15) (9–11) (8–11)
pVO2 (ml/kg/min) 34.3 6 4.1 66.2 6 4.1† 64.8 6 3.1† 44.5 6 3.2‡ , 0.0001
(29–44) (58–71) (59–71) (42–51)
pVO2 (% VO2 max) 84.9 6 10.5 156.4 6 6.8† 153.6 6 6.0† 105 6 7.3‡ , 0.0001
(73–111) (148–169) (144–169) (95–121)
AT (% VO2 max) 41.5 6 4.9 61.6 6 1.8† 62.1 6 2.5† 46.8 6 2.8 , 0.0001
(34–50) (60–65) (61–69) (45–53)
O2P (ml/bt) 14.3 6 1.8 27.1 6 3.2† 27.0 6 3.2† 16.8 6 2.1 , 0.0001
(11.1–17.3) (21.2–31.6) (19.8–30.4) (14.3–19.2)
O2P (% pred O2P) 84.9 6 8.9 159 6 10† 160 6 11† 91.5 6 11‡ , 0.0001
(74–105) (143–177) (144–176) (84–112)
RER 1.24 6 0.08 1.23 6 0.1 1.23 6 0.09 1.24 6 0.09 NS
(1.15–1.37) (1.14–1.33) (1.14–1.34) (1.14–1.35)
Maximal HR (beats/min) 187 6 4 187 6 6 191 6 5 195 6 8 NS
(185–193) (183–199) (183–200) (186–212)
Delta systolic BP (mm Hg) 55 6 6 54 6 11 57 6 5 55 6 9 NS
(48–65) (42–68) (46–62) (42–62)
*Significantly greater than in elite athletes and recreational athletes without LVH; †significantly greater than in individuals with
HCM and recreational athletes; ‡significantly greater than in individuals with HCM.
ANOVA 5 analysis of variance; AT 5 anaerobic threshold; delta systolic BP 5 rise in systolic blood pressure from rest to
peak exercise; BSA 5 body surface area; HCM 5 hypertrophic cardiomyopathy; HR 5 heart rate; LVH 5 left ventricular
hypertrophy; LVWT 5 left ventricular wall thickness; O2 5 oxygen pulse; pVO2 5 peak oxygen consumption; RER 5
respiratory quotient.
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trophy within the same range as that observed in highly
trained athletes. It is this overlap that constitutes the “gray
zone” between physiologic LVH in athletes and morpho-
logically mild HCM. A number of clinical, electrocardio-
graphic and echocardiographic features can assist in the
identification of HCM in an athlete in these circumstances.
Hypertrophic cardiomyopathy is more likely in the presence
of a positive family history of HCM in a first degree relative,
echocardiographic demonstration of a small LV cavity
dimension (11,31), large left atrial diameter (31), abnormal
diastolic filling patterns (32,33) and the presence of patho-
logical Q waves and ST and T wave abnormalities on the
ECG (34,35). Conversely, an enlarged LV cavity in asso-
ciation with mild LVH is indicative of physiologic adapta-
tion to intensive training rather than HCM (10). In a small
minority of individuals, these distinguishing features are
absent. Regression of LVH after detraining is a definitive
method for differentiating physiologic from pathologic
LVH (36); however, most athletes are reluctant to detrain,
because it may jeopardize fitness and team selection. All
individuals with LVH in this study fell into the “gray zone”
with respect to the LVWT. Although six of the eight elite
athletes with LVH had an enlarged LV cavity dimension
(.55 mm) suggesting physiologic LVH (15), the remaining
10 individuals with LVH had normal LV cavity dimensions.
In these 10 individuals, reliance on LV dimension would
have failed to differentiate between an athlete’s heart and
HCM in the absence of a genetic diagnosis.
Utility of metabolic (cardiopulmonary) exercise to differ-
entiate pathologic and physiologic LVH. Cardiopulmo-
nary exercise testing is a safe and clinically useful technique
for assessing exercise capacity in patients with HCM.
Several studies have demonstrated that pVO2 is abnormal in
the majority of patients with HCM, including those with
mild or no symptoms (37–41). Metabolic exercise testing is
also used to assess fitness in athletes, and studies published
to date indicate that pVO2 values in elite athletes usually
range between 55 and 70 ml/kg/min and exceed predicted
maximum values by as much as 50%. Such athletes also have
a high AT and O2P. This study demonstrated a separation
in pVO2 (Fig. 1), AT and O2P between elite athletes with
physiological LVH and patients with HCM and mild
LVH. A pVO2 .50 ml/kg/min or .20% above the
predicted VO2 max, an AT .55% of the predicted VO2
max and an O2P .20 ml/beat would discriminate physio-
logic LVH from HCM. The cut-off cardiopulmonary gas
exchange values selected are 10% greater than the highest
values achieved by athletic individuals with HCM, to allow
for the limited number of patients studied, but are still
considerably lower than values achieved by elite athletes.
Experience of cardiopulmonary exercise testing in 740
HCM patients in our laboratory using a cycle-ergometer has
yet to identify an individual with HCM achieving values
greater than these.
Mechanisms of increased cardiopulmonary parameters in
athletes. The pVO2 is determined by peak cardiac output
and the A-V. Athletes attain high pVO2 values through
large increases in cardiac output and greater widening of the
Figure 1. Box plot showing the distribution of pVO2 values in elite athletes
with and without LVH, recreational athletes and individuals with HCM.
The horizontal bars (in ascending order) represent the 10th, 25th, 50th,
75th, and 90th percentiles. The round circles below and above the bars
represent the number of points below the 10th and 90th percentile,
respectively, in each group. HCM 5 hypertrophic cardiomyopathy;
LVH 5 left ventricular hypertrophy; pVO2 5 peak oxygen consumption.
Table 4. Resting Diastolic Indexes in Individuals with HCM, Elite Athletes With and Without
LVH and Recreational Athletes
Parameter HCM
Elite Athletes
With LVH
Elite Athletes
Without LVH
Recreational
Athletes
p
Value
Peak E (cm/s) 77 6 6 77 6 6 77 6 6 74 6 6 NS
(64–82) (65–85) (62–85) (65–83)
Peak A (cm/s) 36 6 4 34 6 4 33 6 5 36 6 4 NS
(30–40) (29–40) (27–40) (30–40)
E/A wave 2.1 6 0.4 2.3 6 0.4 2.3 6 0.3 2.4 6 0.3 NS
(1.6–2.6) (1.6–2.8) (1.8–2.7) (1.8–2.6)
E/A 5 ratio of early to late peak flow velocity; HCM 5 hypertrophic cardiomyopathy; LVH 5 left ventricular hypertrophy;
Peak A 5 peak velocity in late diastole; Peak E 5 peak velocity in early diastole.
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A-V during exercise. The increase in cardiac output is
predominantly due to augmentation of SV, whereas the
increase in the A-V is due to the enhanced oxidative
capacity within the exercising muscle, resulting from a high
cellular mitochondrial concentration (42,43). In contrast,
most individuals with HCM have impaired LV filling
during exercise, which prevents the augmentation of SV
required to achieve a high cardiac output on exercise (44).
There is also evidence that some patients with beta-myosin
heavy chain mutations (45,46) have low mitochondrial
density in skeletal muscle that may contribute to a low
oxygen uptake (16). Analysis of the oxygen pulse profile
(product of SV and A-V) provides evidence for the mech-
anisms responsible for the higher pVO2 in athletes. In this
study the O2P was higher throughout exercise in elite
athletes with LVH compared with athletes with HCM (Fig.
2), indicating a superior SV and A-V from the beginning to
the end of exercise and confirming the physiological differ-
ences between the two entities outlined above. The higher
AT in elite athletes compared with individuals with HCM
in this study can be explained by superior oxygen delivery to
exercising muscle and highly efficient oxygen extraction by
skeletal muscle to promote aerobic metabolism for pro-
longed exercise. It could be argued that some of the
differences in cardiopulmonary parameters between athletes
and HCM related to relative differences in fitness. However,
individuals with HCM also had lower cardiopulmonary
parameters than recreational athletes (who do not develop
LVH and would not constitute the “gray zone”) indicating
that even highly active individuals with HCM have an
intrinsic defect in cardiopulmonary response, which pre-
vents an appropriate increase in cardiac output and/or
widening of the A-V during exercise.
Clinical implications. The differentiation between physi-
ologic and pathologic LVH in an athletic individual may
represent an important and difficult clinical problem. Deci-
sions based on 12-lead ECG and echocardiography alone
may be prone to error, resulting in the loss of livelihood or
the death of an individual. When faced with an asymptom-
atic athletic individual with mild LVH without an obvious
family history of HCM and nondiagnostic ECG abnormal-
ities, a pVO2 .50 ml/kg/min or .20% above the predicted
maximum value permits reassurance of the individual. Sim-
ilarly, an O2 pulse .20 ml/beat and an AT .55% of the
predicted VO2 max appear to be indicators of physiological
adaptation rather than HCM.
Study limitations. Genetic testing was not performed in
elite athletes with LVH, because of the impracticalities
associated with the genetic heterogeneity of the condition.
However, the possibility of familial HCM in elite athletes
with HCM was minimized by the demonstration of a
normal 12-lead ECG and echocardiograms in both parents
and at least one sibling. The number of elite athletes with
LVH and individuals with genetically proven HCM studied
was small due to the low prevalence (1%) of LVH .12 mm
in athletes and genetically proven individuals with HCM
who fulfill criteria for the “gray zone.” Nevertheless, the
study is of clinical relevance because it identifies a relatively
simple, noninvasive method of making a definitive diagnosis
in athletes in the “gray zone.”
Acknowledgments
The authors wish to thank Ms. Shaughan Dickie and Ms.
Annie O’Donoghue for their important support and assis-
tance.
Reprint requests and correspondence: Dr. Sanjay Sharma,
Department of Cardiological Sciences, St. George’s Hospital
Medical School, Cranmer Terrace, London SW17 ORE, United
Kingdom. E-mail: ssharma21@hotmail.com.
REFERENCES
1. Maron BJ, Roberts WC, McAllister HA, Rosing DR, Epstein SE.
Sudden death in young athletes. Circulation 1980;62:218–29.
2. Maron BJ, Epstein SE, Roberts WC. Causes of sudden death in
competitive athletes. J Am Coll Cardiol 1986;7:204–14.
3. Burke AP, Farb A, Virmani R. Sports-related and nonsports related
sudden cardiac death in young adults. Am Heart J 1991;121:568–75.
4. Maron BJ, Shirani J, Poliac LC, Mathenge R, Roberts WC, Mueller
FO. Sudden death in young competitive athletes. Clinical, demo-
graphic, and pathological profiles. JAMA 1996;276:199–204.
5. Liberthson RR. Sudden death from cardiac causes in children and
young adults. N Engl J Med 1996;334:1039–44.
6. Gilbert CA, Nutter DO, Felner JM, Perkins JV, Heymsfield SB,
Schlant RC. Echocardiographic study of cardiac dimensions ad func-
tion in the endurance-trained athlete. Am J Cardiol 1977;40:528–33.
7. Underwood RH, Schwade JL. Noninvasive analysis of cardiac function
of elite distance runners—echocardiography, vecterocardiography, and
cardiac intervals. Ann N Y Acad Sci 1977;301:297–309.
8. Maron BJ. Structural features of the athlete heart as defined by
echocardiography. J Am Coll Cardiol 1986;7:190–203.
9. Morganroth J, Maron B, Henry W, Epstein S. Comparative left
ventricular dimensions in trained athletes. Ann Intern Med 1975;82:
521–4.
10. Pellicia A, Maron BJ, Spataro A, Proschan M, Spirito P. The upper
limit of physiologic cardiac hypertrophy in highly trained elite athletes.
N Engl J Med 1991;324:295–301.
11. Maron BJ, Gottdiener JS, Epstein SE. Patterns and significance of
distribution of left ventricular hypertrophy in hypertrophic cardiomy-
Figure 2. Oxygen pulse profiles in an athlete with LVH (athlete 5) and an
individual with HCM (patient 7). HCM 5 hypertrophic cardiomyopathy;
LVH 5 left ventricular hypertrophy; O2 5 oxygen.
869JACC Vol. 36, No. 3, 2000 Sharma et al.
September 2000:864–70 Hypertrophic Cardiomyopathy Vs. Athlete’s Heart
opathy: a wide-angle two dimensional echocardiographic study of 125
patients. Am J Cardiol 1981;48:418–28.
12. McKenna WJ, Stewart JT, Nihoyannopoulos P, McCinty F, Davies
MJ. Hypertrophic cardiomyopathy without hypertrophy. Br Heart J
1990;63:287–90.
13. Maron BJ, Kragel AH, Roberts WC. Sudden death in hypertrophic
cardiomyopathy with normal left ventricular mass. Br Heart J 1990;
308–10.
14. Thierfelder L, Watkins H, MacRae C, et al. Alpha tropomyosin and
cardiac troponin T mutations causing familial hypertrophic cardiomy-
opathy, a disease of the sarcomere. Cell 1994;77:701–12.
15. Maron BJ, Pellicia A, Spirito P. Cardiac disease in young trained
athletes. Insights into methods for distinguishing athlete’s heart from
structural disease, with particular emphasis on hypertrophic cardiomy-
opathy. Circulation 1995;91:1596–601.
16. Jones S, Elliott PM, Sharma S, Whipp B, McKenna WJ. Cardiopul-
monary exercise responses to exercise in patients with hypertrophic
cardiomyopathy. Heart 1998;80:60–7.
17. Benjamin EJ, Levy D, Anderson KM, Wolf PA, et al. Determinants
of Doppler indexes of left ventricular diastolic function in normal
subjects. Am J Cardiol 1992;70:508–15.
18. Friedmann HH. Diastolic Electrocardiography and Vecterocardio-
graphy. New York: McGraw-Hill, 1971.
19. Shapiro LM, McKenna WJ. Distribution of left ventricular hypertro-
phy in hypertrophic cardiomyopathy: a two dimensional echocardio-
graphic study. J Am Coll Cardiol 1983;2:437–44.
20. Whipp BJ, Davis JA, Torres F, Wasserman K. A test to determine the
parameters of aerobic function during exercise. J Appl Physiol 1981;
50:217–21.
21. Beaver WL, Wasserman K, Whipp BJ. On-line computer analysis and
breath-by-breath graphical display of exercise function tests. J Appl
Physiol 1973;34:128–32.
22. Jones N. Evaluation of a microprocessor-controlled exercise testing
system. J Appl Physiol 1984;57:1312–9.
23. Sadoul N, Prasad K, Elliott PM, Banerjee S, Frenneaux MP, Mc-
Kenna WJ. Prospective prognostic assessment of blood pressure
response during exercise in patients with hypertrophic cardiomyopa-
thy. Circulation 1997;96:2978–91.
24. Bruce RA, Kusumi F, Hosmer D. Maximal oxygen uptake and
nomographic assessment of functional aerobic impairment in cardio-
vascular disease. Am Heart J 1973;85:546–62.
25. Cooper DM, Weiler-Ravell D, Whipp BJ, Wassermann K. Aerobic
parameters of exercise as a function of body size during growth in
children. J Appl Physiol 1984;56:628–34.
26. Wassermann K, Hansen JE, Sue DY, Whipp BJ, Casaburi R.
Principles of Exercise Testing and Interpretation. 2nd Ed. London:
Lei and Febiger, 1994;117–9.
27. Beaver WL, Wasserman K, Whipp BJ. A new method for detecting
the anaerobic threshold by gas exchange. J Appl Physiol 1986;60:
2020–7.
28. Hansen JE, Sue DY, Wasserman K. Predicted values for exercise
testing. Am Rev Respir Dis 1984;129 Suppl:S49–55.
29. Jones NL. Clinical Exercise Testing. 3rd Ed. Philadelphia: WB
Saunders 1988.
30. Henry WL, Ware J, Gardin JM, Hepner SI, McKay J, Weiner M.
Echocardiographic measurements in normal subjects from infancy to
old age. Circulation 1980;62:1054–61.
31. Maron BJ, Bonow RO, Cannon RO, Leon MB, Epstein SE. Hyper-
trophic cardiomyopathy. Interrelations of clinical manifestations,
pathophysiology, and therapy. N Engl J Med 1987;26:780–852.
32. Maron BJ, Spirito P, Green KJ, Wesley YE, Bonow RO, Arce J.
Noninvasive assessment of diastolic function by pulsed Doppler
echocardiography in patients with hypertrophic cardiomyopathy. J Am
Coll Cardiol 1987;10:733–42.
33. Lewis JF, Spirito P, Pellicia A, Maron BJ. Usefulness of Doppler
echocardiographic assessment of diastolic filling in distinguishing
“athlete’s heart” from hypertrophic cardiomyopathy. Br Heart J 1992;
68:296–300.
34. Savage DD, Seides SF, Clark CE, et al. Electrocardiographic findings
in patients with obstructive and nonobstructive hypertrophic cardio-
myopathy. Circulation 1978;58:402–8.
35. Maron BJ, Wolfson JK, Ciro E, Spirito P. Relation of electrocardio-
graphic abnormalities and patterns of left ventricular hypertrophy
identified by two dimensional echocardiography. Am J Cardiol 1983;
51:189–94.
36. Maron BJ, Pellicia A, Spataro A, Granata M. Reduction in left
ventricular wall thickness after deconditioning in highly trained
Olympic athletes. Br Heart J 1993;69:125–8.
37. Chikamori T, Counihan P, Doi Y, et al. Mechanisms of exercise
limitation in hypertrophic cardiomyopathy. J Am Coll Cardiol 1992;
19:507–12.
38. Counihan P, Frenneaux M, Webb D, McKenna WJ. Abnormal
vascular responses to supine exercise in hypertrophic cardiomyopathy.
Circulation 1991;84:686–96.
39. Frenneaux M, Counihan P, Caforio A, Chikamori T, McKenna WJ.
Abnormal blood pressure response during exercise in hypertrophic
cardiomyopathy. Circulation 1990;82:1995–2002.
40. Frenneaux M, Porter A, Caforio A, Odawara H, Counihan P,
McKenna WJ. Determinants of exercise capacity in hypertrophic
cardiomyopathy. J Am Coll Cardiol 1989;13:1521–6.
41. Losse B, Kuhn H, Loogen F, Shulte H. Exercise performance in
hypertrophic cardiomyopathies. Eur Heart J 1983;4 Suppl F:197–208.
42. Holloszy JO. Biochemical adaptation in muscle: effects of exercise on
mitochondrial oxygen uptake and respiratory enzyme activity in
skeletal muscle. J Biol Chem 1967;242:2278–82.
43. Hoppeler H, Luthi P, Claassen H, Wiebel ER, Howald H. The
ultrastructure of normal human skeletal muscle. A morphometric
analysis of untrained men, women and well trained orienteers.
Pfluegers Arch 1973;344:217–23.
44. Lele S, Thomsom H, Seo H, Belenkie I, McKenna WJ, Frenneaux M.
Exercise capacity in hypertrophic cardiomyopathy. Role of stroke
volume limitation, heart rate and diastolic filling characteristics.
Circulation 1995;92:2886–94.
45. Cuda G, Fananapazir L, Zhu W-S, Sellers J, Epstein ND. Skeletal
muscle expression and abnormal function of beta myosin in hypertro-
phic cardiomyopathy. J Clin Invest 1993;91:2861–5.
46. Lankford EB, Sweeney HL, Epstein ND, Fananpazir L. Abnormal
contractile properties of muscle fibers expressing mutations in b
myosin in patients with hypertrophic cardiomyopathy. J Clin Invest
1995;95:1409–14.
870 Sharma et al. JACC Vol. 36, No. 3, 2000
Hypertrophic Cardiomyopathy Vs. Athlete’s Heart September 2000:864–70
